Increased blood or plasma viscosity has been observed in almost all conditions associated with accelerated atherosclerosis. Cognizant of the enlarging body of evidence implicating increased viscosity in atherogenesis, we hypothesize that the effects of low-density lipoprotein and high-density lipoprotein on blood viscosity correlate with their association with risk of atherosclerosis. 2. Blood viscometry was performed on samples from 28 healthy, non-fasting adult volunteers using a capillary viscometer. Data were correlated with haematocrit, fibrinogen, serum viscosity, total cholesterol, high-density lipoprotein-cholesterol, triglycerides and calculated low-density lipoproteincholesterol. 3. Low-density lipoprotein-cholesterol was more strongly correlated with blood viscosity than was total cholesterol (r = 0.4149, P = 0.0281, compared with r = 0.2790, P = 0.1505). High-density lipoprotein-cholesterol levels were inversely associated with blood viscosity (r = -0.4018, P = 0.0341).
INTRODUCTION
. Since viscosity is inversely proportional to flow or shear, increased blood viscosity could promote atherogenesis by prolonging the 'dwell' [16] or 'residence time' [17] of atherogenic particles in the vicinity of the endothelium, thereby promoting endothelial interactions. Indeed, recent work suggests that areas of low shear are predisposed to severe atherosclerosis [17-201. Cognizant of this work, we hypothesize that lowdensity lipoprotein (LDL) increases and highdensity lipoprotein (HDL) decreases blood viscosity. We performed blood viscometry on specimens from 28 healthy adults, and correlated the findings with haematocrit, fibrinogen, serum viscosity, total cholesterol, HDL, LDL and triacylglycerol levels. To further define the effects of lipoproteins on viscosity, we modulated the LDL/HDL ratio of blood by adding isolated lipoproteins, and performed viscometry on the erythrocytes after 24 h incubation and resuspension in saline.
METHODS
For the studies ex vivo, blood was obtained from 28 healthy adults. Subjects were of normal height and weight. No subject took medication known to alter serum lipid levels. Subjects ranged in age from 27 to 56 years, with an average of 38.3 years. Seventeen subjects were female and eleven were male. All were employees of a large medical centre, or their relatives. Blood for viscometry, complete blood count and fibrinogen quantification was collected in heparinized Vacutainer tubes (Becton Dickinson, Rutherford, NJ, U.S.A.). Blood for all other analyses was collected in plain Vacutainer tubes. Serum for viscometry was available from only 27 individuals. Blood was typically collected between 08.00 hours and 09.00 hours without regard to time elapsed since last meal. This research was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. The research protocol was approved by the institutional review board of Louisiana State University Medical Center, New Orleans, LA, U.S.A. Informed consent was obtained prior to venipuncture.
Viscometry was performed at 37°C using a Cannon-Fenske glass capillary viscometer, size 100, using the method suggested by the American Society for Testing Materials [21, 221 . Maximal shear rate was calculated using the formula: shear rate = (4 x efflux volume)/n x (capillary r a d i~s )~ x efflux time [23] . Serum total cholesterol, HDL-cholesterol, and triglycerides were determined on a Kodak Ektachem 700 XRC. LDL-cholesterol was calculated using the Friedewald formula. Fibrinogen levels were determined on a Diagnostica Stago ST-4, using the clotting method of Clauss. Complete blood counts were performed on a Sysmex NE-8000.
For the studies in vitro, lipoproteins were isolated from fresh human plasma by ultracentrifugation as previously described [24] . This plasma had an LDLcholesterol of 76 mg/dl, a HDL3-cholesterol of 20 mg/dl, and a HDLz-cholesterol of 10 mg/dl. The identity of isolated lipoproteins was confirmed by gel electrophoresis. The protein concentration of isolated lipoproteins was determined by the method of Lowry et al. The concentrations of isolated lipoprotein solutions were calculated assuming that LDL is composed of 25% protein and HDL is 50% protein [25] . Thus, the estimated LDL-cholesterol concentration was 581 mg/dl, and the estimated HDL-cholesterol concentration was 91 mg/dl. Isolated lipoproteins were used within 1 month of plasma donation. Loss of characteristic rheologic effects was noted when older lipoproteins were used, presumably due to particle degradation (G.D. Sloop and D.W. Garber, unpublished work).
Non-fasting blood for the experiments in vitro was collected in Vacutainer tubes anticoagulated with EDTA. Heparin was not used because of concern that it would interfere with lipoprotein-erythrocyte binding [26] . Baseline serum LDL-cholesterol and HDL-cholesterol levels were 169 mg/dl and 44 mg/dl respectively. The serum triacylglycerol level was 130 mg/dl. To modulate the LDL/HDL ratio of this blood, isolated lipoproteins were added to 4.0 ml of blood in quantities varying from 0.2ml to 1.0ml. Normal saline was then added to each specimen to obtain a final volume of 5.0 ml. A 4.0 ml volume of blood with 1.0ml of saline was used as a control. Previous experiments had shown only a slight increase in viscosity at the highest LDL concentrations after incubation for 2 h (G.D. Sloop and D.W. Garber, unpublished work). Therefore, in these experiments, erythrocytes were incubated for 24 h at 37°C. Donor plasma and baseline lipoprotein levels were quantified using the VAP-I1 analyser at the Lipoprotein Laboratory of the University of Alabama at Birmingham [27] .
Both LDL and HDL have been reported to cause concentration-dependent increases in plasma viscosity [7, 281. To eliminate the non-specific increase in plasma viscosity caused by addition of concentrated lipoprotein solutions, plasma was removed after incubation. Blood was spun at 540 g for 8 min, allowing removal of plasma by pipette. Thus, lipoproteins not bound to erythrocytes were removed. Erythrocytes were resuspended in saline to the original haematocrit, and then viscometry was performed as described above.
The value Y, the fraction of LDL receptors which are occupied, was calculated using formulae found in a standard biochemistry text [29] . In these calculations, 2.2 x lo6 Da was used as the molecular mass of LDL and 3.3 x lo5 Da was used as the molecular mass of HDL [30] . The details of the erythrocytelipoprotein interactions have been elucidated by Hui et al. [26] . Erythrocytes have approximately 200 binding sites for LDL. HDL competes for approximately 60% of these sites. Lipoprotein binding is by non-ionic adsorption. The Kd of the LDL-erythrocyte interaction is 1.1 x and the K; of HDLerythrocyte interaction is 2.09 x Data are reported as means+SD. Statistical analyses, including determination of correlation coefficients, were performed using Microsoft Excel software on a personal computer.
RESULTS
Although blood was collected without regard to last meal, no obvious lipaemia was noted in any specimen. Table 1 shows laboratory data collected Table 2 shows pair-wise correlations determined in the study ex vivo. Haematocrit was strongly correlated with blood viscosity (r = 0.6107, P<O.Ol). Serum LDL was more strongly correlated with blood viscosity than was total cholesterol (r = 0.4149, P = 0.0281, compared with r = 0.2790, P = 0.1505). HDL was inversely correlated with whole-blood viscosity (r = -0.4018, P = 0.0341). Fibrinogen and triacylglycerol levels were less strongly associated with blood viscosity. Neither LDL, HDL nor cholesterol was strongly associated with serum viscosity. As has been previously observed [7] , the serum triacylglycerol level was inversely correlated with serum HDL (r = -0.3809). Figure 1 shows the correlations between haematocrit, LDL, HDL, total cholesterol and blood viscosity, and LDL, HDL and serum viscosity.
In the experiments in vitro, calculated shear rate at the capillary wall varied between 119 s-l and 144s-l. Figure 2 shows viscometric data of erythrocytes incubated for 24 h in various concentrations of LDL and HDL. Viscosity is shown as a percentage of the viscosity of the control, which is normalized to 100%. The LDL/HDL ratio was calculated using mg/dl of cholesterol. Viscosity was significantly correlated with the LDLBDL ratio (n =23, r = 0.8561, P<O.Ol). An increase in viscosity was noted with addition of LDL, which reached a maximum of 117% at an LDL/HDL ratio of 5.7. This peak was followed by a plateau at which viscosity was stable at approximately 108% of control. A decrease in the viscosity of resuspended erythrocytes was noted after addition of HDL. This decrease reached a nadir of approximately 88% of control at an LDL/HDL ratio of 3.1. Viscosity was unchanged at lower LDL/HDL ratios.
At an LDL/HDL ratio of 5.7, the ratio at which viscosity was highest, the fraction of occupied LDL receptors (r) was calculated to be 0.45 (Fig. 2) . At an LDLBDL ratio of 8.0, Y was 0.52, at a ratio of 2.9, Y was 0.33 and a ratio of 2.2, Y was 0.31.
DISCUSSION
These data demonstrate that LDL and HDL have opposite effects on blood viscosity in normal subjects. Thus, we have identified a biophysical property of these lipoproteins which correlates with their associations with risk of atherosclerosis. Recently, Rosenson et al. [34] have also reported an inverse association between blood viscosity and serum HDL. Previous work has also shown that removal of LDL by extracorporeal immunoadsorption using polyclonal anti-apolipoprotein B antibodies is associated with a decrease in blood and plasma viscosity and a decrease in erythrocyte aggregation [32] . Decreased blood viscosity has also been noted with lipid-lowering therapy [36, 371. Finally, Simon et al. [38] recently demonstrated that LDL and fibrinogen had additive effects in inducing erythrocyte aggregation, suggesting that these molecules bind to erythrocytes at different sites.
The relationship of viscosity to Y, the fraction of LDL receptors which is occupied, suggests that erythrocyte aggregates played a role in determining viscosity in these experiments. Erythrocyte aggregates increase viscosity by disrupting streamlines. These aggregates are weak, and readily broken when subjected to high shear [39] . Thus, aggregates should be largest and most numerous at the highest viscosity. This is most likely when approximately half of the erythrocyte LDL receptors are occupied by LDL, and the chances of one LDL particle binding to two erythrocytes are maximal. This correlates with our experimental observation that viscosity was maximal when 0.45 of LDL receptors were occupied. An analogous situation is seen with antigen-antibody complexes. When the concentrations of antigen and antibody are roughly equal, large immune-complexes form, and precipitation occurs. When either more than half or significantly less than half of erythrocyte LDL receptors are occupied, the chance of a single LDL particle simultaneously bind-+ *** : ing to two erythrocytes is decreased and viscosity should also decrease. This also correlates with our experimental observations. The fraction of receptors occupied by LDL does not drop significantly at LDLBDL molar ratios less than 3.0, due to the fact that HDL competes for only 60% of LDL binding sites [26] . This explains our observation that viscosity does not decrease with LDLLHDL ratios below approximately 2.9.
Erythrocytes are separated by a minimum distance of 25 nm due to the electrostatic repulsion caused by their strong negative surface charge [40] . 100 In order for erythrocytes to aggregate, a bridging molecule with a diameter greater than 25 nm must simultaneously bind to two erythrocytes. LDL, with a diameter of 18-30nm [41] may participate in these interactions. HDL, with a diameter of 5-12nm [41] is not large enough to span the minimum distance and cannot cause erythrocyte aggregation. Instead, by competing with LDL for erythrocyte binding, HDL antagonizes LDL-induced erythrocyte aggregation and decreases viscosity. Thus, these results are not inconsistent with those of Simon et al. [38] , who reported that HDL did not antagonize fibrinogen-mediated erythrocyte aggregation. LDL could also increase viscosity by increasing the cholesterol/phospholipid ratio of the erythrocyte plasma membrane, thereby decreasing deformability. However, the work of Evans and Parsegian [42] suggests that decreased deformability and increased ability to aggregate may be, at least to some extent, antagonistic. Their work with lipid vesicles demonstrated that rigid bodies have limited ability to adhere, unlike easily deformed bodies, which form large contact areas quite easily. Non-ionic adsorption of lipoproteins to erythrocytes should be affected by contact area. The visible erythrocyte aggregation in these experiments suggests that the decreased deformability associated with increased LDL was insufficient to eliminate erythrocyte aggregation. It is possible that decreased deformability contributed to decreased erythrocyte aggregation at the highest LDL/HDL ratios. However, if this change was rheologically significant itself, it should have resulted in increased viscosity. Rather, decreased viscosity was noted at the highest LDL/ HDL ratios.
No decrease in viscosity was noted when isolated HDL was added to blood obtained after an 8 h fast (G.D. Sloop and D.W. Garber, unpublished work). The inability of HDL3 to antagonize erythrocyte aggregation [43] may explain this observation. In the postprandial state, alimentary lipaemia leads to the exchange of triacylglycerols for cholesterol esters between very-low-density lipoproteins and HDL3, resulting in formation of HDL2 [44] . In postprandial specimens, lipid exchange may have resulted in conversion of added HDL3 to HDL2, decreasing viscosity. This was also the rationale for using non-fasting blood in the study ex viva Furthermore, at least in industrialized society, considerably more time is spent in the postprandial state than in the post-8 h or post-12 h fasted state. The relatively low mean-serum-triacylglycerol levels and lack of obvious serum lipaemia in these experiments suggest that estimation of serum LDL-cholesterol by the Friedewald formula is valid.
The increase in blood viscosity with decreasing shear rate makes blood a 'non-Newtonian' or thixotropic fluid. Capillary viscometry has been criticized as a method for determining the viscosity of such fluids, because an infinite number of shear rates exist in a column of flowing blood, from zero in the mid-axis to a maximum at the blood-wall interface [45] . Rotational viscometers, such as cylinder, coneplate, and cone-cone viscometers, eliminate this variation in shear rate by measuring the viscosity of a thin film of blood between two surfaces. While this may be attractive from a technical viewpoint, it does not reflect the three-dimensional nature of all but capillary-sized vessels, in which the vessel diameter is large enough to allow a variety of shear rates and the formation of erythrocyte aggregates.
At least some erythrocyte aggregates will be broken when exposed to shear in a rotational viscometer. In contrast, erythrocyte aggregates form in the low-shear environment of the mid-axis in a capillary viscometer. Furthermore, the gap between the two surfaces in a rotational viscometer, if small enough, would physically prevent the formation of erythrocyte aggregates, which can reach a macroscopic size in a capillary viscometer. Increasing the gap in a rotational viscometer to allow erythrocyte aggregation would result in the same variation in shear rate seen in capillary viscometry. A second criticism of capillary viscometry is that only relatively fast shear rates (-> 100 s-') can be measured [45, 461. As already discussed, this is incorrect.
Thus, erythrocyte aggregates play a larger role in determining viscosity when measured by capillary viscometry as compared with rotational viscometry. This makes capillary viscometry very sensitive to the thixotropic properties of blood. Quantification of the thixotropic properties of blood with a rotational viscometer requires determination of the decay of shear stress as a function of time at a constant rate of shear, or measurement of the hysteresis of angular velocity as shear rate varies over time [47] . These quantities are not typically reported in haemorheologic studies.
While rotational viscometry is the only method available to obtain a value for viscosity at a single shear rate, capillary viscometry is a more sensitive means of quantifying erythrocyte aggregation and thixotropy. Thus, the value of the present work is in both elucidating the qualitative effects of lipoproteins on blood viscosity as well as quantifying them within the limits mentioned above. In blood with marked thixotropic properties due to elevated LDL, one can envision a situation in which increased viscosity decreases blood flow, which allows further erythrocyte aggregation, further increases in viscosity, slower blood flow, etc. Thus, a haemorheolgic abnormality may interact with a haemodynamic one, low shear, in atherogenesis. This positive feedback would create larger areas of lower shear, thereby increasing the residence time of atherogenic particles in the vicinity of the endothelium, accelerating atherosclerosis. A similar situation may occur in hyperviscosity syndromes. Thus, quantifying the degree of thixotropy in blood may be more relevant than simply determining viscosity at any single shear rate.
In summary, our data show that LDL and HDL have opposite effects on blood viscosity in healthy individuals. Our data suggest that these effects on viscosity are due to modulation of erythrocyte aggregation. Thus, lipoproteins contribute to the thixotropic nature of blood. These effects on viscosity may play a role in atherogenesis by modulating the dwell or residence time of atherogenic particles near the endothelium, thereby promoting endothelial interactions.
